A B S T R A C T A new method has been described for measuring the pressure and resistance to blood flow in the pulmonary arteries, capillaries, and veins. Studies were performed in dog isolated lung lobes perfused at constant flow with blood from a donor dog. Pulmonary artery and vein volume and total lobar blood volume were measured by the ether plethysmograph and dyedilution techniques. The longitudinal distribution of vascular resistance was determined by analyzing the decrease in perfusion pressure caused by a bolus of low viscosity liquid introduced into the vascular inflow of the lobe.
A B S T R A C T A new method has been described for measuring the pressure and resistance to blood flow in the pulmonary arteries, capillaries, and veins. Studies were performed in dog isolated lung lobes perfused at constant flow with blood from a donor dog. Pulmonary artery and vein volume and total lobar blood volume were measured by the ether plethysmograph and dyedilution techniques. The longitudinal distribution of vascular resistance was determined by analyzing the decrease in perfusion pressure caused by a bolus of low viscosity liquid introduced into the vascular inflow of the lobe.
The pulmonary arteries were responsible for 46% of total lobar vascular resistance, whereas the pulmonary capillaries and veins accounted for 34 and 20% of total lobar vascular resistance respectively. Vascular resistance was 322 dynes * sec* cm-5/ml of vessel in the lobar pulmonary arteries, 112 dynes sec.cm-5/ml in the pulmonary capillaries, and 115 dynes-sec* cm5/ml in the lobar pulmonary veins. Peak vascular resistivity (resistance per milliliter of volume) was in an area 2 ml proximal to the capillary bed, but resistivity was high throughout the pulmonary arterial tree. The pulmonary arteries accounted for approximately 50% of vascular resistance upstream from the sluice point when alveolar pressure exceeded venous pressure.
The method described provides the first measurements of pulmonary capillary pressure. Midcapillary pressure averaged 13 .3 cm H2O, pulDr. Brody is a postdoctoral fellow of the National Institutes of Health.
INTRODUCTION
The arterioles are the major resistance vessels in the systemic vascular bed (1, 2), but it is uncertain whether the greatest resistance to blood flow in the lungs is in the arteries, capillaries, or veins (1, 3, 4) . Piiper (5) , in 1958, reasoned from Poiseuille's law that, during constant perfusion, injection into the bloodstream of a bolus of fluid with viscosity different from that of blood would cause a perfusion pressure change proportional to the resistance of the vessels through which the bolus passed. Piiper considered that the major part of vascular resistance was located at one point in the lung, and that the mean appearance time of the viscosity-induced pressure change, multiplied by flow, gave the volume to the "site of main resistance" to blood flow. Piiper, however, did not relate the "site of main resistance" to an anatomic site because he was unable to further subdivide pulmonary vascular volume; furthermore he did not describe the longitudinal distribution of pulmonary vascular resistance.
In the present study the volume to the midpoint of vascular resistance in isolated lung lobes of dogs has been measured by modification of the viscositychange technique described by Piiper. We related the resistance midpoint, 50%o of vascular resistance upstream and 50%o of vascular resistance down-stream from this point, to pulmonary artery volume and total blood volume of the lobe during forward perfusion, and to pulmonary vein volume and total blood volume of the lobe during reverse perfusion. The resistance and pressure at intervals along the pulmonary vessels have been calculated by an analysis of the time course of pulmonary artery pressure change recorded as a bolus of low viscosity, 2 ml of saline solution, passed through the vascular bed. This technique provides a way of measuring resistance and pressure throughout the pulmonary vascular bed without requiring direct pressure measurements from multiple points within'the lung vessels.
METHODS
The left basal lobe was exposed through a left lateral thoracic incision in seven 10-14-kg mongrel dogs anesthetized with sodium pentobarbital, 25 mg/kg. The pulmonary arterial and venous vessels and the bronchi to the left upper and middle lobes were isolated, tied, and severed. The left basal lobe artery, vein, and bronchus were isolated and cannulated with polyethylene tubes while we made sure that no air was introduced into the vascular system. The lobe was placed in an airtight box (17. 
IIR
Plexiglas and was perfused by a constant flow pump with blood drawn from catheters placed in the inferior vena cava and femoral artery of a heparinized donor dog (Fig.  1) . Total ischemic time of the lobe was less than 30 min. The donor dogs, weighing 15-25 kg, were anesthetized with sodium pentobarbital, 25 mg/kg, and were allowed to breath spontaneously through a tracheal cannula. The blood from the donor dog was heated to 370C, passed through the lobe, collected in a cylindrical venous reservoir, and drained by gravity back into the jugular veins of the same donor dog. The average oxygen pressure (Po2) of blood perfusing the lobe was 70 mm Hg. Average carbon dioxide pressure (Pco2) was The left basal lobe accounts for 25%o of total lung volume in the dog and presumably 25%o of pulmonary blood flow (6, 7) . Average blood flow through the isolated lobes in seven experiments was 13.6 ml/min per kg, somewhat less than 20% of normal cardiac output (8) . However, flow at this level has been shown to completely perfuse isolated lung lobes without the appearance of edema (9) . Blood flow was measured by occluding the outflow from the venous reservoir and recording the rate of rise of hydrostatic pressure at the bottom of the reservoir. Flow could be measured this way to within + 2%o of flow determined by direct collections in a graduated cylinder. Venous pressure was held constant by making the venous reservoir airtight and submitting it to a constant air pressure of about 9 cm H20. This technique ensured that venous pressure exceeded the alveolar pressures of 3-5 cm H20, and therefore "nonsluice" conditions existed throughout the lobe (10) . In four lobes measurements were also made during forward perfusion with the venous reservoir open to the atmosphere and with end expiratory pressure constant at 3-S5 cm H20, these being "sluice" conditions (10) .
Lobar pulmonary artery and vein pressures, plethysmograph pressure, bronchial pressure, and dye concentrations were recorded on a Grass direct writing instrument. Total lobar blood volume, lobar pulmonary artery volume, and the volume to the midpoint of vascular resistance were each determined in duplicate during short periods of apnea at an end expiratory pressure of 3-5 cm H20 and after a prior inflation of the lobe to about 20 cm H20.
Total lobar blood volume. Total lobar blood volume (VL) was determined by the Stewart-Hamilton indicator dilution method (11) with indocyanine green as the indicator dye. With respiration stopped the dye was flushed into the arterial inflow ( Fig. 1 ) and passed through a mixing chamber before moving into the lung lobe. The concentration of the dye was measured by a Waters XP 250A Densitometer in blood drawn from a catheter placed in the pulmonary vein. The mean appearance time of the dye curve multiplied by flow was the volume of the pulmonary vessels plus the dead space of the tubing. The tubing dead space volume was determined after each experiment, with the lung removed from the apparatus, by the same dye injection technique. The dead space volume was subtracted from the total volume measured during the experiment to give VL. The absolute accuracy and reproducibility of this method were tested with duplicate determinations in tubes of known volume. Tube volumes were measured with no systematic error and with a standard deviation of 0.7 ml. The standard deviation between duplicate determinations in the lung lobes was 0.8 ml, and the coefficient of variation of duplicates around the mean was 3.5%.
Lobar pulmonary artery volume. Lobar pulmonary artery volume (Vpa) was measured by the technique of Feisal, Soni, anrd DuBois (12) . Ether injected into the pulmonary artery moves from the dissolved state in blood to the gaseous state on contact with alveolar air. A plethysmograph is used to record the rise in alveolar pressure as ether enters the gas phase. Sackner, Feisal, and Karsch (13) calculated that greater than 90%o of the injected ether equilibrates in the first hundredth length of the capillaries. Therefore the ether method measures the vascular volume proximal to the pulmonary capillaries.
0.20 ml of a 1: 4 ether-Lipomul solution (12) was placed in one side channel of the perfusion apparatus while all blood was flowing through the opposite symmetrically constructed side channel (Fig. 1) . After the plethysmograph had been sealed and respiration of the lobe stopped, a 3-way stopcock was turned diverting all flow through the side channel containing the ether-Lipomul solution, moving the solution into the pulmonary artery. The mean appearance time of the plethysmograph pressure vs. time curve multiplied by flow gave the volume from the site of ether injection to the beginning of the pulmonary capillary bed. The volume of the apparatus dead space between the site of ether injection and the pulmonary artery was measured and subtracted from the volume measured with ether to give Vpa. Because of the small volume of the ether-Lipomul solution (0.2 ml) dispersion of the solution in transit to the end of the pulmonary artery cannula was ignored. A similar method, but with reverse perfusion, was used to measure the volume of the pulmonary veins. The standard deviation of duplicate determinations of Vpa was 0.2 ml. The coefficient of variation of duplicates around the mean was 3.8%o.
Volume to the midpoint of lobar vascular resistance. The volume to the midpoint of lobar vascular resistance (Vmp) was measured by a modification of the viscosity change method described by Piiper. The method is based on Poiseuille's law: A\P = Q X-X h/r4 X 71. ir (1) This law staates that the pressure drop (AP) across a circular tube during steady laminar flow is equal to the flow in that system (Q) multiplied by: a numerical term (8/ir) which results from the mathematical analysis of flow in a cylindrical tube; a geometric factor (I/r'), I being the length of the tube and r4 being the radius raised to the fourth power; and the viscosity (,I) of the fluid perfusing the tube. If all other factors remain constant a change in the viscosity of the perfusate will cause a change of the pressure in the system proportional to the h/r factor. Laminar flow was present in both lung lobes and model tubes since the Reynold's numbers for the largest pulmonary vessel (diameter equal to the pulmonary artery cannula, 0.4 cm) and for all the model tubes were well below the critical number for the occurrence of turbulent flow (14) .
2 ml of 0.9% NaCl (saline), warmed to 37°C, was placed in the perfusion apparatus side channel through which blood was not flowing (Fig. 1) . Respiration was stopped, and the 3-way stopcock was turned so that all blood flowed through the channel containing the saline solution, moving the saline into the pulmonary artery.
Since flow and venous pressure were constant, the decrease in pulmonary artery pressure was proportional to Longitudinal Distribution of Vascular Resistance in the Lung the change in viscosity caused by the saline bolus and to the resistance of the vessels through which the saline was passing. The median appearance time of the curve of pressure decrease vs. time, multiplied by flow, gave the volume from the injection site to the resistance midpoint of the lung. The saline bolus did not appear to alter the resistance of the pulmonary vessels since perfusion pressure returned to the base line after the saline had passed through the lung. In order to determine the effective saline dead space, a saline injection was made without the lobe in place and with a short artificial resistance between the pulmonary artery and pulmonary venous cannulae. The median appearance time of the curve of pressure change vs. time multiplied by flow gave the effective saline dead space which, subtracted from the volume measured with the lung in place, gave the volume to the midpoint of lobar vascular resistance.
Longitudinal distribution of vascular resistance. In order to study the resistance to blood flow at points along the lung vessels rather than just the volume to the midpoint of vascular resistance, the saline-induced pressure curves were analyzed by another method. The abscissa of the pressure curve was marked off in 2-ml increments (flow X time = volume) beginning with the start of the pressure decrease caused by the saline. These points were equated with volumes at 2-ml intervals along the vascular tree. The pressure decrease at each point was used to calculate vascular resistances for each 2 ml segment.
The pressure change recorded with saline injection is determined by the shape of the saline bolus, i.e. the distribution of viscosity change within the bolus, as well as the distribution of resistances in the system. In order to define the shape of the saline bolus, a short length of tubing with small radius and small volume was substituted for the lung lobe at the end of the pulmonary artery cannula. A bolus of saline was injected during constant blood flow as described above, and the decrease in perfusion pressure was recorded. Because there was virtually no longitudinal distribution of resistance in the small tube, the change in pressure vs. time as the saline bolus passed through the tube was directly proportional to the change in viscosity at each point in volume of the bolus. The T(SEc) E FIGURE 2 Shape of saline bolus. The curve shows the change in perfusion pressure (P) produced as the saline bolus passed through a small volume, high resistance tube which replaced the lung lobe in Fig. 1 . The abcissa of the curve is marked at 2-ml volume intervals (flow X time = volume). The viscosity change produced by any portion of the bolus can be calculated from equation 2. resulting pressure curve (Fig. 2) was a profile of viscosity change vs. volume in the bolus. The pressure curve reflecting the distribution of bolus viscosity change spread through slightly more than 6 ml in volume even though only 2 ml of saline were placed in the side channel. The lengthening of the bolus was probably due to the parabolic front created as blood moved through the channel containing the bolus. Since flow and the length and radius of the resistance tube at the end of the dead space were known, the change in viscosity in each portion of the saline bolus could be calculated:
A-q saline = AP saline X X 1 1X0 .
In order to simplify the calculations of vascular resistance that follow, the saline bolus was divided into three 2-ml segments. The average decrease in viscosity in the first 2 ml segment was 0.020 poise, that in the second 2 ml segment was 0.010 poise, and that in the third 2 ml segment was 0.005 poise. The viscosity of the blood was calculated by substituting the pressure drop across the small tube during blood flow for AP saline in equation 2 
There is no need for absolute pressure or viscosity measurements in segments of the vascular bed since the equations are now in terms of pressure change and viscosity change. By rearranging equation 3 one can solve for the geometric factor characteristic for a segment in the system: r4 API saline X 8 X X Ax-. Assuming that the geometric factor does not change as the bolus passes through the segment, the resistance (R) of the 2 ml segment with blood flowing through it (vis-cosity = Ilblood) can be calculated:
The actual pressure drop across that segment can be determined by multiplying R by Q/980. This analysis is valid for the first 2 ml segment containing the first 2 ml of bolus which causes a viscosity change of 0.020 poise. But as the bolus moves on to the next 2 ml segment, the 0.020 poise viscosity change will move to this segment and the 0.010 poise viscosity decrease of the second portion of the bolus will be in the first 2 ml segment, both segments contributing to the pressure drop measured at the 4 ml point. A correction for the amount of pressure change (AP2salIne) caused by that part of the bolus in the first segment must be made to determine the actual pressure drop and resistance in the second 2 ml portion of the system. This correction can be calculated since the geometric factor for the first 2 ml segment has been calculated, and the change in viscosity (A72 saline) caused by the second portion of the bolus in that segment is known: AP2 atline = Q X X r X AX72s aline. 7 r (6) AP2 salne can be subtracted from the total pressure drop at the 4 ml point to give the pressure drop (API saline) caused by that part of the bolus in the second 2 ml segment. The geometric factor and resistance of the second segment can then be calculated as in equations 4 and 5. A similar correction with a 0.010 decrease in viscosity in the second 2 ml segment and a 0.005 decrease in the first 2 ml segment of the system can be made when the bolus has moved on to the 6 ml mark, and so forth on down the lung lobe. by the same proportion. Since A1m i,,. appears in the denominator of the equations and qblood appears in the numerator, the ratio between the two will remain unchanged in small vessels, and the Fahraeus-Lindquist effect will have little influence on our calculations of resistance. Total pulmonary vascular resistance was determined by two methods. Resistance determined by summing vascular resistances calculated at 2-ml intervals throughout the lung from passage of a bolus whose viscosity was measured in vitro will be referred to as "calculated resistance." "Measured resistance" was determined by subtracting pulmonary vein pressure from pulmonary artery pressure during nonsluice conditions, or subtracting alveolar pressure from arterial pressure during sluice conditions, multiplying by 980 to convert to dynes per square centimeter and dividing by flow in milliliters per second. Since "calculated resistance" was determined by assuming that blood viscosity was the same in lung vessels of all sizes, the close agreement between "calculated resistance" and "measured resistance" suggests that if there was a lower viscosity in small vessels it was relatively unimportant in our calculations of vascular resistance.
RESULTS
Model system. The accuracy of the viscositychange method for measuring the volume to the resistance midpoint (Vmp) and the longitudinal distribution of vascular resistance was tested in model tubes of known resistance. The tubes were substituted for the lung lobe in Fig. 1 and were perfused with blood from a reservoir instead of a donor dog.
Three tubes of equal volume but different geometric characteristics can be used to illustrate the significance of the resistance midpoint measurement. Each tube had a volume of 6 ml, but at the flow and hematocrit during the experiment the resistance of tube A was 3880 dynes sec* cm-5, tube B was 1960 dynes-sec cm 5, and tube C was 1090 dynes-sec-cm-5. Since the tube volumes were equal, the Vmp for each tube should be and was measured to be the same. The magnitude of the pressure decrease caused by the saline bolus was greatest in the tube with the greatest resistance to blood flow. Fig. 3 shows the pressure tracings after saline injection when the tubes were arranged in series in several combinations. The contours of the pressure curves differed depending on the order of placement of the tubes. The cluded portions of the large conducting arteries and veins in our experiments. The average volume to the resistance midpoint (Vmp) during forward perfusion was 6.8 ml or 24%o of VL. Since Vpa averaged 23%o of VL it would appear that the pulmonary artery was responsible for a large portion of total lobar vascular resistance. During reverse perfusion at comparable flow rates Vmp was 14.3 ml or 62%o of VL. Examples of forward and reverse perfusion saline injection curves with Vmp marked for each are shown in Fig. 6 .
Calculation of vascular resistance at 2-ml intervals in the lungs allows a more precise estimate of the vascular resistance of the pulmonary artery and vein. During forward perfusion, lobar pulmonary artery resistance calculated from segmental resistances averaged 46%o of total vascular resistance with a range of 38-54%o. If Fig. 5 CBA where the high resistance tube was downstream. Calculation of the distribution of resistance was inaccurate distal to the initial low resistance (tube C in the models or the pulmonary veins in the lungs) in both the models and the lung lobes.
Average "calculated resistance" closely approximated average "measured resistance" in the seven lungs (Table II) which corrected "calculated" to "measi sistance. This correction did not change tion between calculated resistances throu lobe but rather raised or lowered a proportionately. Fig. 7 shows the average resistance pei (resistivity) calculated at 2-ml interval five forward perfusion and the two refusion experiments. During forward perf cular resistance was relatively high throt pulmonary arterial tree. Resistivity reacd slightly before the end of the pulmona and fell throughout the remainder of monary vascular bed.
The accuracy of the analysis of segmei bution decreased as the bolus moved dc (see Discussion), and therefore the res the pulmonary veins was probably estim accurately in the reverse perfusion ex Since the pulmonary arteries accounted sistance, resistance was 322 dynes sec cm-5/ml in VEINS the pulmonary arteries, 112 dynes-seC-cm-5/ml in the pulmonary capillaries, and 115 dynes sec *cm-5/ml in the pulmonary veins. Fig. 8 shows the average intravascular pressures throughout the pulmonary vascular tree. Table III shows the data obtained in four lungs during forward perfusion under sluice conditions, i.e., when alveolar pressure exceeded venous pressure. Under these conditions venous resistance was not measured. The resistance midpoint was at the end of the pulmonary artery suggesting that the arteries were responsible for about 50% of total vascular resistance upstream from the sluice point. On changing to nonsluice conditions by raising venous pressure above alveolar pressure, the resistance midpoint moved downstream away from 44 .the pulmonary artery. tion of viscosity change (An) within the bolus.
The distribution of resistance along a series of tubes or in the lung can be calculated from the curve of AP vs. volume if the distribution of viscosity within the bolus is known.
For maximum accuracy the AP vs. volume curve of the lobe and Aq vs. volume plot of the bolus should be analyzed continuously or at least at very small volume intervals. The analysis of the AP vs. volume curve of the lobe was simplified by calculating resistance at 2-ml intervals along the curve. The low viscosity bolus was spread out over a 6 ml volume as it entered the lung. An approximate correction for the shape of the bolus was made by dividing the Aid volume plot of the bolus into three 2 ml segments. The average Anq in each segment was used in making the calculations of resistance to blood flow. These simplifications in the calculation of the distribution of vascular resistance tended to decrease slightly the precision of the method in measuring resistance changes occurring over small volume intervals. This decrease is illustrated in Fig. 5 where the actual resistance to flow in model tubes is plotted against resistance calculated from the AP vs. volume curve resulting from the injection of the low viscosity bolus in the same models. Because the method of analysis did not allow greater precision than 2 ml, the exact site of peak resistance to blood flow in the isolated lung lobe could not be placed more closely than 2 ml in a specific anatomic segment of the pulmonary arterial tree. For the purpose of calculating resistance it was assumed that the distribution of viscosity change within the bolus, i.e. the shape of the bolus, was constant. However, a change in the shape of the bolus did occur as a result of the effects of laminar flow as the bolus passed through the resistance circuit. The front of the bolus moved more rapidly than the body of the bolus, and the tail of the bolus moved at a slower rate than the body of the bolus (14) . As a result some viscosity change was present in downstream vessels before it was assumed to be there, and some viscosity change was present in upstream vessels after the bolus had been assumed to have passed through these areas. When downstream resistance was high it was grossly underestimated because the rapidly moving front of the bolus had passed through the high resistance downstream areas and the remainder caused a relatively small pressure drop. The premature passage of the bolus caused an early pressure drop erroneously attributed to the low resistance upstream areas. This phenomenon is illustrated in Fig. 5 CBA and the data recorded during reverse perfusion of the lung lobes.
In general, the further downstream the bolus moved the less compact it was and the less its shape resembled the bolus shape used in the calculations of resistance at 2-ml intervals. In the lungs the problem of bolus distortion was magnified by the multiple parallel channels through which the bolus traveled. Therefore the resistance calculations became less accurate as the bolus moved downstream. For this reason pulmonary artery resistance was most accurate when calculated from the forward perfusion experiments and pulmonary venous resistance most accurate when calculated from the reverse perfusion experiments.
The decrease in perfusion pressure produced by the saline bolus will cause a decrease in the volume of the highly compliant lung vessels. Vascular resistance will increase at the smaller vascular volume abolishing a portion of the salineinduced pressure change. Since the pressure change will be less than it should be, calculated resistance will be underestimated throughout the vascular bed. A method for calculating the approximate degree of underestimation of vascular resistance is described in the Appendix. Arterial resistance was underestimated by about 3%o of its resistance, capillary resistance by 1o%, and venous resistance by about 3%. Since resistance was underestimated in all vessels these corrections do not significantly alter the calculated longitudinal distribution of resistance in the lung vessels.
Inherent in the isolated lung lobe preparation used in this study are several conditions which may affect the distribution of pulmonary vascular resistance and limit extrapolation of the present results to the intact animal.
A portion of pulmonary artery and pulmonary vein was excluded from the preparation in the process of cannulating the lobe. As a result "lobar" pulmonary artery and vein volume and "lobar" pulmonary arterial and venous resistance were less than they would be in the whole lung. The resistance to blood flow in the large conducting arteries and veins is not known, but an estimate can be made of the pressure drop across these vessels by using Poiseuille's law. Values for main pulmonary, artery, left pulmonary artery, and venous trunk diameter were taken from the measurements of Miller (18) , and values for vessel length from the estimates of Schleier (1) . At the average flow in our experiments the pressure drop across the main pulmonary artery would be 0.08 cm H2O and the pressure drop across the left pulmonary artery would be 0.12 cm H2O. The excluded arteries therefore account for approximately 4% of total pulmonary artery resistance. The pressure drop across the excluded portion of the pulmonary vein would be 0.05 cm H20 or 2% of total venous resistance. These corrections do not significantly change the per cent of resistance in each of the vascular beds.
Total vascular resistance of the lung lobes in the present study was similar to or less than that found in other studies of excised and intact lungs at comparable levels of blood flow (4, 19, 20) . The measurements reported were made after perfusion pressure had been constant for 5 min usually 30-40 min after the beginning of lobar perfusion. The authors have shown, in the following paper (21) , that vascular tone and reactivity are present in both arteries and veins in the isolated lung lobe preparation, and that constriction of either the pulmonary arteries or the pulmonary veins can markedly affect the longitudinal distribution of vascular resistance within the lung. Whether the distribution of vascular resistance in the isolated lung differs from that in the intact lung is not known.
Increasing the pulmonary blood flow or the left atrial pressure has been shown to lower pulmonary vascular resistance (20, 22) . Kuramoto and Rodbard (23), using catheters placed in the pulmonary artery, small pulmonary veins, and the left atrium to measure pressure gradients across segments of the pulmonary vascular tree, concluded that all vascular segments share equally in the decrease in resistance associated with increasing blood flow. The effect of changing the blood flow on the distribution of segmental vascular resistance was not specifically studied in our preparations. There appears to, be no relation between blood flow, which ranged from 96 to 214 ml/min in the five lungs during forward perfusion, and the per cent of total vascular resistance in the pulmonary arterial or venous vessels.
Pulmonary vein pressure was set, and it aver- (24) . What effect lung inflation has on arterial, capillary, and venous resistance is not known, although it has been shown that small vessel volume decreases and large vessel volume increases with increasing degrees of lung inflation (25, 26) .
Longitudinal distribution of pulmonary vascular resistance. The results of the present study indicate that the pulmonary arteries are responsible for an average of 46%o of lobar vascular resistance.
The pulmonary capillaries account for 34% and the pulmonary veins for 20%o of total lobar vascular resistance. Expressed as resistance per milliliter of each vascular bed, arterial resistance is approximately three times capillary or venous resistance. Peak vascular resistivity, i.e. resistance per milliliter, is in an area about 2 ml proximal to the capillary bed, but resistivity is high throughout the pulmonary arterial tree. There does not appear to be a vascular segment in the lung analogous to the high resistance muscular arterioles of the systemic circulation. The pulmonary arteries also contribute about half of vascular resistance upstream from the sluice point when alveolar pressure exceeds venous pressure.
Schleier (1) and more recently Piiper (5, 27) have argued that the capillaries are the major resistance vessels in the lung. Schleier made a detailed mathematical analysis of the distribution of vascular resistance in the human lung using Poiseuille's law. He employed Miller's measurements of vessel diameter (18) and assumed figures for vessel length in his calculations. He concluded that, in contrast to the systemic vascular bed where the muscular arterioles are the major resistance vessels, in the lung the capillaries are the major-site of vascular resistance.
Schleier's calculated values for resistance actually do not differ greatly from the values measured in the present study. He calculated that the arteries account for 40% of the total pressure drop across the lung, the capillaries 53%o, and the veins 7%o of the total pressure drop across the lung, whereas we calculated that the arteries accounted for 46%o, the capillaries 34%o, and the veins 20%o of the total pressure drop. The differences between Schleier's figures and ours can be explained by small errors in values used for vessel radius in Schleier's study, and by the fact that he underestimated the cross-sectional area of the capillary bed and therefore overestimated capillary resistance (28) .
Piiper (5) in describing the viscosity-change technique for measuring the midpoint of vascular resistance, or as he called it the sife of maximal resistance, was unable to place the resistance site in a particular anatomic segment of the pulmonary vascular bed. However, he later concluded that the major portion of vascular resistance in the lung was in the pulmonary capillaries (27) . The major difference between Piiper's conclusions and those of the present study lie not in the measurements of the viscosity-induced pressure curve but in the measurement of total lobar blood volume (VL). Piiper used a photomultiplier to measure the transit time of plasma or packed red blood cells through the lung. He found VL to average 1.6 ml/kg, whereas VL averaged 2.2 ml/kg in the present study. The latter figure fits closely with estimated VL based on total pulmonary blood volume being 11 ml/kg in the dog (17) and the left basal lobe accounting for 25%o of total lung volume and presumably 25% of total pulmonary blood volume (6, 7 There is only one study which suggests that the pulmonary veins are the major resistance vessels. Agostoni and Piiper (4) attempted to define midcapillary pressure by measuring the pressure under which Ringer's solution was absorbed by subpleural capillaries. They found that 60% of vascular resistance in the dog isolated lung lobe was on the venous side of the effective midpoint of the pulmonary capillaries. This is the largest estimate of pulmonary venous resistance in the literature. Whereas the explanation for the difference between these results and the results of the present study is not clear it may be that the subpleural vessels do not reflect true intrapulmonary capillary pressure.
The arguments favoring the pulmonary arteries as the major resistance vessels in the lung have been indirect. Campbell in 1898 (3) reasoned that the large cross-sectional area of the capillary bed offsets the effect of the small capillary vessel size on resistance to blood flow. He concluded that the greatest resistance to blood flow in the lungs was in the pulmonary arterioles. Lawson, Duke, Hyde, and Forster (29) found, by varying blood flow and left atrial pressure in the isolated cat lung, that pulmonary vascular resistance and diffusing capacity could vary independently. This finding suggested to them that the capillary bed was not the major resistance site in the lungs. DeBono and Caro (30) have argued that the relatively rigid smaller pulmonary arteries contribute the maj or portion of pulmonary vascular resistance during sluice conditions, i.e., when alveolar pressure exceeds venous pressure. As flow increases under these conditions, the relation between flow and pulmonary artery pressure remains linear. This would not be the case if the larger pulmonary arterial vessels which are more compliant contributed a major portion of vascular resistance.
Pulmonary arterial wedge pressure (Pw) provides an approximate measure of venous pressure, but it is not clear which vessels are included in the "arterial" [(Pulmonary artery pressure-Pw) / flow] and "venous" [(Pw-left atrial pressure)/ flow] resistances measured by this method (31) . Direct measurements of pressure gradients along pulmonary vessels with small catheters have not provided consistent results in the pulmonary circulation. True lateral pressures are not measured, pressure gradients are small, and variations in pressure with tube placement and tube size and difficulty with catheter wedging have limited con-fidence in the results of many of these studies (32, 33) . "Venous resistance" has ranged from 4 to 20%o of total pulmonary vascular resistance in studies which assume the difference between arterial wedge pressure and left atrial pressure to be the gradient across the pulmonary veins (34, 35) .
"Venous resistance" has ranged from 19 to 49%o of total pulmonary vascular resistance in studies when the difference between pressures recorded from small catheters threaded into pulmonary veins and left atrial pressure was used as the gradient acrioss the pulmonary veins (36, 37). Connolly and Wood (38) , using the difference between pulmonary artery pressure and pressure recorded from a catheter wedged in the pulmonary veins to estimate the pressure gradient across the pulmonary artery, found "arterial resistance" to be 68%o of total pulmonary vascular resistance in a group of patients. Aviado (37) , however, found virtually no pressure gradient across the pulmonary artery in dogs using the wedged venous catheter. No estimates of capillary resistance have been made from any of these studies.
The resistance to blood flow in a vascular bed is determined not only by the length and radius of the vessels in that bed, the l/r4 factor in Poiseuille's law, but also by the number of vascular segments in the bed. The h/r4 factor therefore is multiplied by 1/n where n is the number of vascular segments. Weibel (28) has found capillary length to be 12 X 10-4 cm and capillary radius 4 x 10-4 cm in the human lung. But he has also found that there are 280 X 109 capillary segments. The effect of the very small capillary size is therefore cancelled by the large cross-sectional area of the capillary bed. Similar figures for the arterial and venous vessels are not available. It seems probable that the most important determinant of the longitudinal distribution of vascular resistance in the lung is the relation between vessel size (mainly radius) and the total number of segments in a vascular bed.
Pulmonary capillary blood volume. Lobar capillary blood volume (Vpc) was calculated by subtracting lobar pulmonary artery volume, measured in the forward perfusion experiments, plus lobar pulmonary vein volume (Vpv), measured in the reverse perfusion experiments, from total lobar blood volume (VL). Vpc calculated in this way averaged 12.5 ml. Total pulmonary capillary blood volume (Vc) was calculated to be 50 ml or 38% of total pulmonary blood volume. This calculation presumes that Vpv accounted for the same per cent of VL during forward and reverse perfusion. Some limit can be placed on the error inherent in this assumption. The volume of the capillaries and veins increased by 2.1 ml after elevation of reservoir pressure from 0 to 9 cm H20 during forward perfusion (Table III) . Since venous compliance is approximately four times capillary compliance (39) , the veins would have increased by 1.7 ml. If one assumes that a similar increase in Vpv would occur if reservoir pressure was raised from 9 to 18 cm H20, the difference in pulmonary vein pressure between forward and reverse perfusion, Vpv could have been overestimated by a maximum of 1.7 ml. Therefore Vpc could not have been more than 14.2 ml nor Vc more than 43%o of total pulmonary blood volume.
Weibel (28) Applications Vessel response to stimuli. The methods described provide a way of measuring the pressure drop and resistance to blood flow in each portion of the pulmonary or systemic vascular beds without requiring direct measurements of pressure gradients within the vessels. This technique can be applied to analyzing arterial, capillary, and venous responses to a variety of pharmacologic and physiologic stimuli. We report in the following paper (21) the effects of several drugs on the individual vascular segments in the dog lung using the methods described in this paper.
The calculations involved can be simplified and the precision of the results improved if the shape of the low viscosity bolus, the change in bolus shape as it passes through the lung, and the resulting change in perfusion pressure with time in the vessels are analyzed with an analogue or digital computor. The preparation can be simplied as we found by perfusing the lobe of a dog with the dogs own blood and without a donor dog in an open (reservoir) or closed (no reservoir) system. The techniques presumably can also be applied to the intact animal providing that flow and venous pressure are kept constant or measured continuously.
Pulmonary capillary pressure. Accurate -measurements of capillary pressure in the systemic circulation have been available for many years (46) , but there are no methods for measuring capillary pressure in the lung. The pressure recorded from a catheter wedged into small pulmonary arterial vessels was initially thought to represent pulmonary capillary pressure (47) , but further studies have shown that the arterial wedge pressure reflects pressure in vessels distal to the capillary bed (48) . Pulmonary venous wedge pressure appears to reflect pressure in vessels proximal to the pulmonary capillaries (48). Agostoni and Piiper (4) described an indirect method for measuring pulmonary capillary pressure from subpleural capillaries, but they admit the subpleural capillary pressure could be quite different from intrapulmonary capillary pressure because of structural differences between the two types of vessels.
Hydrostatic pressure in the pulmonary capillary bed is thought to be the most important-factor in the etiology of most forms of pulmonary edema (49) . Investigations into the mechanisms of experimental pulmonary edema have been hampered by the lack of accurate measurements of pulmonary capillary pressure (50) . Pulmonary capillary pressure measurements would also be of value in studying the transudation of various substances through the capillary wall and the bursting point of pulmonary capillaries submitted to high transmural pressures such as seen in mitral stenosis or under gravitational stress.
The methods described in the present study allow for the first time accurate measurement of pulmonary capillary pressure. Midcapillary pres sure averaged 13.3 cm H2O, whereas pulmonary artery pressure averaged 20.4 cm H2O, and pulmonary vein pressure averaged 9.2 cm H20. Under the circumstances of the experiments reported, 63%o of the pressure drop in the pulmonary vessels occurred before the midpoint of the pulmonary capillaries. Pressure at the arterial end of the pulmonary capillaries averaged 15.3 cm H20, whereas pressure at the venous end averaged 11.4 cm H20. These values were determined during steady nonpulsatile flow. Linderholm, Kimbel, Lewis, and DuBois' (51) analysis of instantaneous capillary flow and pulse pressure suggests that the pressure-flow curve of the pulmonary vessels is linear. If this is true the longitudinal distribution of resistance determined during nonpulsatile flow should not differ significantly from mean values determined during pulsatile flow.
APPENDIX
The decrease in perfusion pressure caused by the low viscosity bolus produced a decrease in the volume of the highly compliant lung vessels. During forward perfusion the mean bolus-induced perfusion pressure change averaged 1.3 cm H20 in the pulmonary arteries and 0.8 cm H20 in the pulmonary capillaries. The mean pressure decrease in the pulmonary veins was 0.5 cm H20 during reverse perfusion. The vascular volume changes associated with these pressure changes can be estimated by using the values for pulmonary vascular compliance determined by Engelberg and DuBois (39) . Vascular volume decreased 0.2 ml in both the pulmonary arteries and veins and 0.1 ml in the pulmonary capillaries.
The error in the calculations of vascular resistance associated with the vascular volume changes can be derived if it is assumed that vascular conductance is proportional to vascular volume. Point A in Fig. 9 the true volume of the pulmonary arteries. If we assume that the conductance-volume curve of the pulmonary arteries is linear and goes through zero, the slope of the conductance-volume line at point B is Ge/V. Point C lies on the conductance-volume line and represents the true conductance (Gt) of the pulmonary arteries at the volume V -AV. The slope of the conductance-volume line through point C is Gt/(V -AV). Since the slope of the line through points B and C is the same, the true conductance (Gt) at volume V -AV can be determined. Gt = (Ge/V) X (V -AV), and Gc, V, and AV are known. Gt = (30.7/5.9) X 5.7 = 29.7 ml * cm H20 min1. The overestimate of pulmonary artery conductance or underestimate of artery resistance is (Gc-Gt)/Gt or 3.4%o. Similar calculations for the pulmonary capillaries and veins show resistance underestimates of 0.7%o and 2.5% respectively. ADDENDUM Since this paper was submitted for publication two studies of the distribution of pulmonary vascular resistance have appeared. Garr, Taylor, Owens, and Guyton (52), using an isogravimetric method to estimate pulmonary capillary pressure, found that 56%o of vascular resistance lies before the capillary midpoint in the isolated lung lobe, a result in close agreement with that (63%) of the present study. McDonald and Butler (53) , employing the vascular waterfall effect, found arterial, capillary, and venous pressure drops to be about equal.
